Abstract. Nowadays, it is more important than ever to meet the increasing technical and statutory requirements and to develop new process strategies. In sheet metal forming the low consumption of oil lubrication gets an increasingly important role. The aim in sheet metal forming is to reduce the amounts of lubricants. In the long term, the future sheet metal processing should be able to completely dispense without mineral oil-containing lubricants. Two promising approaches for a dry process design are combined in this paper for the first time and the fundamental feasibility of this new hybrid technology is shown. On the one hand, a novel approach for temporary lubrication of deep-drawing processes with CO2 as a volatile medium is used. On the other hand, it is supported by the application of an additional hard coating system such as a silicon nitride (Si3N4) or tungsten doped a-C:H multilayered (Cr/CrNx/a-C:H:W/a-C:H) coating system to further reduce tool wear and wear debris of the formed sheets made of DC04 (mat. no.: 1.0338). The results show a low coefficient of friction and reduced wear. Especially for the carbon coating system, there is minor tool wear at a higher surface pressure. By means of the graphite constituent, even a smoothening of the roughness peaks can be recorded. The next step would be the implementation of this hybrid technology on a tool for deep drawing a rectangular cup.
Introduction and State of the Art
Tribology is defined as the science of interacting surfaces in relative motion, friction and wear [1] . The system is composed of the three subcomponents (base-) body, counter-body, interfacial element and surrounding medium (environment), see figure 1. In most forming processes, mineral oil-based lubricants are used as the interfacial medium. The lubricant is able to reduce friction and heat formation in the contact zone, to reduce overall deformation force and energy, and to extend tool life and prevent seizure [3, 4] . Sometimes toxic additives are contained in the lubricant and the formed components have to be cleaned cost intensely and time-consuming for further process steps [5] . Today, there is a great awareness of the environment and its conservation. This inevitably leads to increased requirements and the need for solutions to develop new environmentally friendly tribological systems. Already since the beginning of the 2000s, the legislation in Europe has been changed. Companies are particularly limited in the use of harmful lubricants. In 2007, the EU introduced a new REACH (Registration Evaluation Authorisation and Restriction of Chemicals) law aimed at achieving a high level of protection of human health and the environment from the risk of chemical pollution [6, 7, 8] . Forming of modern high-strength or stainless steels results in a complex tribological system. Reducing the amount of lubricant increases the risk of fretting. In the worst case, it causes a premature tool failure. Nevertheless, attempts are being made to reduce lubricant quantities in order to simultaneously reduce the health and environmental impacts in the manufacturing process [9, 10] . In addition, the use of lubricants subsequent or between two forming operations requires for a complex cleaning process to obtain a clean and oil-free surface. This aspect plays a special role when the components are painted and bonded as a final production [11] . In the past ten years, semi-dry processes and minimum quantity lubrication (MQL) have been implemented in the forming process [12] . The specification of a completely lubricantfree metal forming design could not implement with these strategies. This shows the fact that today still large MATEC Web of Conferences 190, 14012 (2018) https://doi.org/10.1051/matecconf/201819014012 ICNFT 2018 amounts of mineral oil are used for lubrication in the forming process. Metal forming processes, that completely avoid lubricants, could offer economic and environmental benefits. The definition of dry metal forming does not exclude the use of additives in the process, but focuses on the aspect that no additional purification or drying is required in the subsequent processing step [5] . It is clear that dry metal forming processes present a challenge, since the absence of lubricants typically results in a reduced processing window with respect to the forming limit of the workpiece and its quality. The negative effects of lubricant removal must be compensated with a novel tool concept to ensure a stable and complete forming process. For this reason, the institutes Fraunhofer IGB and Leibniz-IWT have joined forces for a sub-research project in order to further develop an effective tribosystem for dry forming. In addition to the use of liquid CO2 as a volatile lubrication a hard material layer is applied on the tool surfaces. The union of these two technologies should result in a new hybrid system with improved wear resistance. The results presented in the following serve first of all as proof in principle. The hybrid system presented here is presented for the first time in this form.
2 Two-way hybrid system
Lubrication with liquid CO2
In the priority program (SPP1676) funded by the German Research Foundation (DFG), the institutes IGVP, IFU and IFSW at the University of Stuttgart are working together to develop a manufacturing approach for a mineral oil free forming process. The work explores an environmentally friendly sheet metal forming lubrication system using liquid CO2 as a lubricant.
The phase diagram of the CO2 shows, according to figure 2, that CO2 is in a liquid state at room temperature and a pressure of 57.3 bar. This represents the initial state (red X in figure 2). First, the liquid lubricant is passed directly into the contact zone and expands there to atmospheric pressure. This causes a cooling and it produces dry ice snow, which acts as a lubricant, achieves a separation of the tool and workpiece, and further reduces the restraining forces. Fig. 3 . Process sequence during forming with liquid CO2 as lubricant replacement [11] .
After the forming process, the dry ice is heated by the ambient temperature of the production hall and by the workpiece itself due the deformation induced cohesive frictional heat. So it reverts to the gaseous state of aggregation, as can be seen from the marking in the phase diagram at approximately 1 bar and 23 °C. Thus, there is no oiled component after the forming and further process steps, such as cathodic dip coating or painting, can be carried out without additional purification steps.
Depostion of a hard coating system
In addition to lubrication with liquid CO2, a coating of hard material is applied on the active tool surfaces. This subsequent coating should improve the tool life. It may be possible to achieve an additional reduction in friction coefficients when combining a coating with CO2 compared to a single uncoated CO2 lubrication. For this purpose, the performance of two different types of hard coatings are tested. The combination of CO2 lubrication and hard coatings results in the described 2-way hybrid system.
Si3N4 coating
Silicon nitride as non-oxide ceramic material has several positive material properties. In addition to the low density (3.44 g/cm 2 ), it has a very high fracture toughness (6 MPa*m 0.5 ) and at the same time good flexural strength (> 800 MPa at 20 °C). Due to the inherent microstructure a high thermal shock resistance is given. These properties make silicon nitride insensitive against thermal shocks and impacts. Si3N4 is already used in ball or roller bearings. Also in forming technology Si3N4 is used in high stressed tools. The approach for producing this coating will be explained in chapter 3.2.
a-C:H:W/a-C:H PVD coating
The hydrogenated amorphous carbon (a-C:H:W/a-C:H) coating consists of a multi-layered design with a total coatings thickness of about 2.2 µm. As shown in figure 4 b the precise coating design is illustrated. First a thin Cr layer of a few nanometers is deposited acting as soft glue. Then a CrNx layer is applied with increased hardness of about 8-10 GPa HIT0.01 acting as a bonding agent for the upper layers. To further increase the adhesion strength between substrate and functional layers a graded (Cr,W)Cy intermediate layer is introduced. This step also realizes a smooth transition from the metallic into the non-metallic character of the coating. The reason for doping with tungsten of both the graded intermediate and the overlaying a-C:H:W layer (thickness of about 1 µm) is the reducing of the residual coating stresses during the deposition process [14] . This objective is designed to increase the fracture toughness of the whole coating system and to increase the hardness stepwise [15] . Finally, a hard functional a-C:H layer of about 22 GPa HIT0.01 is applied for ensuring low dry coefficients of friction of µ < 0.2 and wear against steel and aluminum counter bodies of k < 3•10 -7 mm³/Nm [16] . In general, a-C:H coatings have a low tendency to adhesion due to the saturation of carbon bonds by hydrogen of the OH groups on the surface [17, 18] . Further details were previously published [19] . 
Experimental setup
In order to prove the technical fundamental feasibility in a forming process, the exchangeable drawing jaws with laser drilled micro-holes are tested in a strip drawing system. In each experiment CO2 as volatile lubrication was used. For the new hybrid system, the contact surfaces of the exchangeable tool jaws are additionally applied with different hard coatings. The coating made of Si3N4 was carried out at the Fraunhofer-Institute IGB in an ICP plasma reactor. The a-C:H(:W) coating were produced in Bremen at the Leibniz-IWT. For this purpose, an PVD reactive plasma system was used. After the strip drawing tests, a comparison of the determined friction values takes place. Likewise, the roughness values are measured and analyzed.
Strip drawing test bench
On a strip drawing test system with flat track, it is possible to determine coefficients of friction depending surface pressure per unit area respectively CO2 flow rate. At the Institute for Forming Technology (IFU, University of Stuttgart), the test bench was modified so that the restraining forces of the CO2 lubrication system could be measured. For the approach, an experimental tool for supplying the liquid CO2 directly into the contact zone between tool and sheet was designed and constructed, see figure 5 . The strip drawing test bench is described in detail in [20] and [21] . All tests were carried out at room temperature using sheet material DC04 (mat. no.: 1.0338) in rolling direction and repeated three times for statistical reasons.
Fig. 5.
Schematic illustration of the experimental setup for the operation in the strip drawing test with CO2 lubrication [11] .
In order to apply the liquid CO2 directly in the effective area between the tool and the workpiece, it must first be passed through the tool. A two-part design of the experimental tool was selected, composed of a hollow body and at 5 mm thin exchangeable jaws made of tool steel X153CrMoV12 (mat. no.: 1.2379). Furthermore, good accessibility for the production of micro-holes is ensured. The construction of the experimental tool can be seen in figure 6 . The production of micro-holes is carried out at IFSW, University of Stuttgart and will be explained in more detail in [21] . Fig. 6 . Modified drawing tool for CO2 lubrication in strip drawing test [21] .
The exchangeable jaws have a contact area of 400 mm 2 in total. Before the exchangeable jaws are used, they are coated with a hard material layer.
ICP plasma reactor for Si3N4 coating
The term ICP-CVD denotes a chemical vapour deposition, system in which an inductively coupled plasma (ICP) source is used. The deposition plasma is ignited via an alternating electromagnetic field within the recipient, which is induced by an inductance coil created by radio frequency (RF). In an ICP reactor, the electrons
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In this work, silicon nitride layers were deposited on the exchangeable jaws by means of the ICP-CVD process and the influence on the frictional behavior in combination with volatile lubricating media was investigated. The chemical reaction equation for the vapor deposition by ICP-CVD is said to be:
The process duration was 10 minutes with a power input of 2000 W. During the process, the pressure was 0.2 µbar. For optimum oxide-free layer formation, the gas flow was set to 190 cm³/min for SiH4. The gas mixture ratio was 1:10 (NH3:SiH4).
Reactive magnetron sputtering device for a-C:H:W/a-C:H coating
An industrial reactive magnetron sputtering device from the company CemeCon of the type CC 800/9 SinOx was used for the deposition of the a-C:H:W/a-C:H multilayer coating system. The general principle of the process is illustrated in figure 8 . When reactive magnetron sputtering the target material is vaporized due to a momentum exchange caused by ionized process gases. As process gases the noble gases argon and krypton (Ar, Kr) are used. The starting pressure of the device is set to 1 mPa. By applying a negative voltage at the cathodes behind the target materials, released respectively free electrons cause an impact ionization cascade of the noble gases (a). The positive noble gas ions (Ar + , Kr + ) are accelerated on the target material with high kinetic energy, which initializes the sputtering process of the target atoms (b). Finally, the deposition of the target atoms on the substrate takes place (c). The deposition of the CrNx layer is realized by the incorporation of pure nitrogen (N2) as reactive gas. The precursor gas acetylene (C2H2) is used for deposition of the a-C:H:W and a-C:H layers. Further details of the deposition process are published in previous publications [16, 19] . In figure 9 a) the used target configuration is shown in order to apply the mentioned a-C:H:W/a-C:H coating system on a substrate material. The substrate adhesion was determined on a 1.2379 cold working steel, hardened to an overall hardness of about 60±2 HRC (≈800 HIT0.01), by Rockwell indentation and scratch tests according to VDI 3198 and DIN EN ISO 1073-3. As illustrated in figure 9 b), the adhesion class HF was 1-2 and the critical load Lc2 was in the range of 30 N [24] . Due to its good adherence no coating failures should be expected due to the modified drawing tool tests. The next chapter presents the results of the strip drawing tests. Likewise, the roughness was measured after the load and the contact angle with water was determined.
Results and Discussion
In this chapter the results of the strip drawing tests are shown and discussed. Figure 11 shows the detailed propagation of the coefficients of friction depending on the applied surface pressure during a volatile CO2 lubrication in addition with the two used hard coatings. In general, the coefficient of friction increases at higher surface pressures for both applied coatings. For an averaged coefficient of friction, not the entire drawing distance is considered, otherwise the running-in behavior would change this value too much. Only the recorded values of 0.5 to 1.5 sec are included in the determination. This results in a friction coefficient of 0.039 for the Si3N4 coating at a surface pressure of 5 MPa. For comparison, the friction coefficients for exchangeable jaws without hard material coating are plotted in figure 12 . For a surface pressure of 5 MPa, all three exchangeable jaws are at the same low level. Only at a surface pressure of 15 MPa, the coated exchangeable jaws have a higher coefficient of friction compared to the uncoated (just CO2 lubrication). This can be attributed to excessive wear of the surface around the micro-hole (see figure 13) . So there was no smooth flat surface on the entire contact area.
However, these results are only partially comparable, since the uncoated replaceable plates have been previously hardened and thus more resistant. Fig. 13 . Wear scars and wear around the mirco-holes at the a-C:H:W/a-C:H coating system (a) and Si3N4 coating (b) after strip drawing test. Figure 13 shows the wear patterns of the applied hard coatings. It can be observed that coating failure took place especially around the mirco-holes. Previous quality investigations of uncoated exchangeable jaws around the mirco-holes at the outlet showed a bulge (see figure 14) . This is up to 0.025 mm. This increase significantly influences the coefficient of friction and explains the abrasion of the hard material layers around the mircoholes. The current object of the investigations at IFSW is to produce the mirco-holes without a material bulge. However, additional line-shaped wear scars are found mainly located between the drill holes in drawing direction of the tools. Further verification measurements were carried out on a profilometer determining the roughness profiles and the resulting surface roughness Ra. In addition, measurements of the contact angle were performed to identify the wetting behavior. 190, 14012 (2018) https://doi.org/10.1051/matecconf/201819014012 ICNFT 2018
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The results of the roughness measurements were determined by four single lines whereas each line has a length of about 5 mm at the contact area (perpendicular to the drawing direction). Figure 16 shows representative roughness profile lines measured at the a-C:H:W/a-C:H coating system (a) respectively at the Si3N4 coating (b). The mean roughness value for a-C:H:W/a-C:H coating system Ra is between 0.19 and 0.21 µm (Si3N4 coating: Ra is between 0.52 to 0.57 µm; 3 measurements per line) after the strip drawing test. The water contact angles before and after the strip drawing test were measured in order to get conclusions about the wear and roughening. At the a-C:H:W/a-C:H coating system the water contact angle drops from 74.98 ± 1.23° to 53.13 ± 2.03° degrees. Whereas with a Si3N4 coating, the contact angle of water increases from 52.68 ± 0.96° to 84.47 ± 3,13°. The decrease in an a-C:H:W/a-C:H coating indicates a leveling and shifting of the applied graphite coatings. In contrast, the Si3N4 coating must have been roughened, as the surface becomes more hydrophobic. This effect can be attributed to the so-called Cassie-Baxter case. [25] This means that the surface is finely structured and it increases the water contact angle. In this special case, a surface micro-structuring (uniform or irregular) is not desired because it also increases the coefficient of friction.
Conclusion
Previous researches has shown that a deep drawing process of a U-profile [21] as well as for a rectangular cup [26] with pure CO2 as a volatile lubrication without mineral-oil are possible. With an additional coating, no further reduction in the coefficient of friction compared to pure CO2 lubrication with uncoated tools in a strip drawing test bench was achieved. Especially at 15 MPa surface pressure, the coefficient of friction increases with regard to the uncoated reference. However, a roughening effect takes place especially at the Si3N4 coating. This leads to increased wear and subsequently to higher coefficients of friction. However, another important observation is that at both applied coatings the layers are completely or partially worn around the drill holes (compare to figure 13 ). Despite the additional CO2 lubrication, this could be an indication that there is no complete surface separation of the DC04 sheet metal and the coated exchangeable tool jaws. Solid state contact around the drill holes would be the consequence which explains the observed wear patterns. Formed wear debris, e. g. removed coating or tool material, at the mirco-holes is ploughed through the coating in strip drawing direction which could be an adequate explanation of the observed wear patterns in figure 13. For this reason, further wear analyzes have to be carried out at the mirco-holes and between by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) in order to finally clarify the reasons of this wear pattern. Next to that, the quality of flatness of the jaws surfaces in the area of the drill holes has to be quantified by laser confocal microscopy to ensure solid body separation during strip drawing. Also the fine structure of the wear scars have to be measured to derive a link of the dimension of ploughed wear debris. Related to the wear analyzes it should be possible to derive sufficient strategies with regard to the coating development. It needs to be clarified, whether an insufficient coating adhesion strength to the substrate material, a too low coating fatigue resistance or failures of the tool material due to the laser drilling process itself are responsible for such premature wear patterns.
The hybrid approach for dry lubrication with a primary CO2 lubrication and additional hard material coating, which is presented for the first time in this paper, is initially used exclusively for basic investigations. Further investigations must be carried out for a final evaluation. It can be concluded: The coatings presented in this purpose could a promising approach. The layer durability must be improved. In addition, the laser drilling process must be material compatibility so that there is no material bulge around the borehole. With regard to initial endurance tests at the IFU, an additional plasma technological layer should be applied to the hardened deep drawing tool.
